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ABSTRACT 

Aims. Out of a novel observing technique, we publish for the first time, SoHO-SUMER observations of the true spectral line profile of 
hydrogen Lyman-ar in quiescent prominences. With SoHO not being in Earth orbit, our high-quality data set is free from geocoronal 
absorption. We study the line profile and compare it with earlier observations of the higher Lyman lines and recent model predictions. 
Methods. We applied the reduced- aperture observing mode to two prominence targets and started a statistical analysis of the line 
profiles in both data sets. In particular, we investigated the shape of the profile, the radiance distribution and the line shape-to- 
radiance interrelation. We also compare Ly-a data to co-temporal A 1206 Sim data. 

Results. We find that the average profile of Ly-a has a blue-peak dominance and is more reversed, if the line-of-sight is perpendicular 
to the field lines. The contrast of Ly-a prominence emission rasters is very low and the radiance distribution differs from the log- 
normal distribution of the disk. Features seen in the Si m line are not always co-spatial with Ly-a emission. 

Conclusions. Our empirical results support recent multi-thread models, which predict that asymmetries and depths of the self-reversal 
depend on the orientation of the prominence axis relative to the line-of-sight. 
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1. Introduction 

Prominences protruding out of the perfect sphere of the visi- 
ble solar disk are even visible with the naked eye, when the 
bright disk is occulted. These enigmatic features, which ap- 
parently withstand gravity, have attracted scientists since cen- 
turies, but despite of substantial progress, which has been 
made during the last decades in understanding the physics of 
prominences, important aspects are still not understood. The 
enormous efforts to understand the nature of prominences is 
reflected in a wealth of literature. We refer to review arti- 
cles and r eference material, which may be relevant to our 
work (e.g., [T andberg-Hanssen, 1995 l;|Patsourakos & VialL l2002: 
Ml 



eling work made it clear that the overall emergent profile highly 
depends on the physica l conditions in the prominence (e.g., 
Goutteb roze et all Il993l) . In particular, the imprint of the inci- 
dent profile and the role of the Prominence Corona Transition 
Regio n (PCTR) were now employed to reproduce observations 
(e.g.. lVialetaill2007h . 

Recently, 2D-multithread mo dels were established, w hich 
are based on theoretical work of iHeinzel & Anzei] (l200ll) and 
predict - depending on the orientation of the prominence axis 
relative to the line of sig ht (LOS) - opposite asy mmetries of the 
Ly-a and Ly-fi lines (Gu nar et all l2007[|2008l) and dee ply or 



Par enti et all l20Q5b IWilhelm et ail |2007), and focus on promi- 



nence observations of the hydrogen Ly-a line profile, which re- 
veal information on the physical conditions for the line forma- 
■ tion. 

Anywhere on the disk, this line is self-reversed (iCurdt et all 
2001). The reversal in the profile is, among others, related to the 
amount of neutral hydrogen in its ground level, which by itself 
is a complex function of the temperature and density structure of 
the emitting plasma. In addition, flows of the emitting or the ab- 
sorbing plasma and magnetic field may modulate the sizes of the 
red or the blue peak and the symmetry of the profile (ICurdt et all 
120081; iTianet "all 12009 ah . 

Early observations of the Ly-a line profile in promin ences 
were completed with the LPSP instru ment on OSO 8 (Vial, 
119821) and the UVSP instrument on SMM dFontenla et allfl988h . 
These photoelectric measurements had to be corrected for the 
geocoronal absorption. They already have shown signatures of 
asymmetry and a wide parameter range for the depth of the re- 
versal of the profile, features which at that time could not be 
reproduced by radiative transfer calculations. Later on, the mod- 



less deeply self-reversed profiles ( Schmied er et all 120071) . This 
is the dedicated context and the rationale of our work. 



2. Observations 

Because of its wavelength range from 660 A to 1600 A, its high 
spectral resolution, and its vantage point outside of the irritat- 
ing geocorona, whic h absorbs Ly-a emiss ion, the SUMER in- 
strument on SOHO (IWilhelm et all 1 19951) is ideally suited to 
provide information about the line profile. Its enormous bright- 
ness exceeds however the capabilities of the SUMER detec- 
tors and Ly-a can only be observed in small sections of 50 px 
on both sides of the detectors beneath a 1:10 attenuating grid. 
Unfortunately, the attenuation also exerts a modulation onto 
the line profile, which makes it difficult to interpret such data. 
Attempts made to observe Ly-a in quiet Sun locations on the 
unattenuated bare section of the photocathode had difficulties to 
calibrate the local gain depression. First results from prominence 
data ac quired in spring 2 005 have been rep orted by lGunar et al.l 
(l2006h . lVialetaD (120071) . and lGunar et all (120081) . 
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Fig. 1. The prominences observed above the southeast limb 
on June 15 (left) and above the southwest limb on June 
9 (right). The images are taken in the EIT 304 channel 
( Delaboudinier eetaD. 1 1 995l) and the area of the SUMER rasters 
is indicated by rectangles. 



In July 2008, the SUMER team found a new, unconventional 
method to observe the extremely bright hy—a line of neutral hy- 
drogen with partially closed telescope aperture to reduce the in- 
coming photon flux. The obtained genuine hy-a pr ofiles in the 
quiet S un and coronal hole regions were anal ysed bvlCurdt et al] 
(120081) . iTian et al.1 (12009 ah . and iTian et al.1 (|2009b|)- Here we 
present, for the first time, unprecedented hy-a observations of 
two quiescent prominences seen in June 2009 and discuss the 
results obtained from a detailed analysis of the line profiles. 

The new method to reduce the incoming photon flux to a 
mode rate level, appropr i ate for hy-a, was described in earlier 
work (ICurdt et all 120081: ITian et all 12009 all) . A standard proce- 
dure to partially close the door led to a reproducible reduction to 
a 20 % level. In June 2009, this method was applied for the first 
time to prominence observations. 

On June 9 and 15, 2009, we completed raster scans of ap- 
proximately 22" x 120" at positions near the solar limb with 
mid- size prominences. Two spectral windows were transmitted, 
100 pixels (px) around hy-a recorded on the bare photocathode 
of the detector, and 50 px around A 1206 Sim recorded on the 
KBr-coated section of the photocathode, respectively. All obser- 
vations were completed with the 0.3" x 120" slit. With an ex- 
posure time of 14.5 s, both lines were observed with sufficient 
counts for a good line profile analysis. For both data sets three 
exposures at each position were completed before the raster was 
continued with a very small increment of 0.375". From a first 
inspection, we found no indication for temporal variations of the 
object during the observing time of 45 minutes. In our statisti- 
cal analysis we keep the temporal information and assume that 
the sub-resolution increment of 0.375" (= 3/8") is equivalent to 
three hypothetical increments of 1/8". 

The exact knowledge of the limb position and the limb dis- 
tance for each pixel is very important for prominence observa- 
tions. Therefore we used additional information, for an inde- 
pendent assessment of the instrument pointing uncertainty, pro- 
vided by the hardware encoders in the instrument's housekeep- 
ing channel. Thus, we confirmed that the azimuth movement was 
as expected and that the actual east- west pointing was very close 
to its nominal value. Similarly, we confirmed that in elevation the 
absolute positions for both rasters differ by the nominal value of 
5". Since in the June 9 data set the position of the limb can be 
determined, we can estimate that the overall pointing uncertainty 
is in the order of 2" to 3". The prominences as seen in the EIT 
304 channel are shown in Fig.Q] white rectangles marking the 
area covered by the SUMER rasters. 



Both data sets were processed with standard procedures of 
the SUMER- soft library. We used the dedicated flatfield expo- 
sure of April 19, 2009 to complete the flatfield correction. 

3. Prominences in Ly-a and in Sim 

The rasters for both days are shown in Fig.[2]and Fig.(3j Note, 
that the x-axis also contains time information (cf., prev. sec- 
tion) and that both axes are at a different scale, and that 
the x-dimension is stretched. The contours delineate the top 
15% (dashed) and the top 40% (solid) of the pixels in the 
hy-a brightness histogram. These contours have been trans- 
ferred to the Si in raster, 

In Fig. [21 (observation on June 15) we distinguish six differ- 
ent segments of the raster, separated by the blue contours or red 
boxes: 

(1) disk, (2) limb and near disk, (3) sub-prominence void, 

(4) inner prominence boundary, (5) prominence core, 
(6) outer prominence boundary. 

We also display the averaged profiles of the designated areas. 
It is obvious that the disk profiles are much wider and more re- 
versed than the prominence profiles. The disk profiles are almost 
symmetr ic, which is consistent with the downflow argument 
in ICurdt et aD (120081) for this special geometry. Interestingly, 
a clear blue-peak dominance is observed in the profile of the 
prominence core. 

In Fig. [3] (observation on June 9) we distinguish: 
(1) inner prominence core (2) prominence interconnection 
(3) sub-prominence void (4) prominence interconnection 

(5) outer prominence core (6) outer prominence boundary. 
Here, we observe just outside the limb. The contrast is even 

lower in this prominence, which is shown with the same dynamic 
range. The profiles are almost flat-topped, significant reversals 
are not seen anywhere. The blue-peak dominance is also present 
in both parts of this prominence, but less evident. 

The prominence is also seen in Si m. Again, the hy-a radi- 
ance contours have been transferred. These contours show, that 
there are considerable differences in the Si m spectroheliogram; 
structures are not co- spatial; the prominence appears more gran- 
ulated and not as diffuse as in hy-a. The formation temperature 
of Si in is 70 000 K, much higher than typical prominence tem- 
peratures of 6 000 K to 8 000 K. Si m is a typical transition re- 
gion line. Since its wavelength is well above 912 A, the Lyman 
limit, opacity effects by hydr ogen can be ruled o ut. The promi- 
nence is basically transparent ( An zer et aill2007l) . These authors 
also show that the Ci recombination continuum below 1239 A 
is negligible and, consequently, the PCTR of each unresolved 
thread would contribute to the Si m emission and one would ex- 
pect an appearance similar to the cold body. The differences 
in appearance may be an indication for the coexistence of hot 
and cold plasma with different opac ities. Recent observations 
by Hinode-SOT (Ber ger etall 120081) assume buoyant bubbles 
of hotter plasma in quiescent prominences, although on smaller 
scales. Such a scenario would also be compatible with our ob- 
servation. Without Hinode-SOT co-observations, however, our 
results remain inconclusive. 

We sorted the pixels of all disk locations and of all promi- 
nence locations by the total line radiance and defined six equally 
spaced radiance bins. The profiles for these bins are displayed in 
Figs. IH and There are striking differences of prominence pro- 
files compared to disk profiles. In the prominence, the contrast is 
much lower, reduced by a factor of 4 to 5. The blue-peak domi- 
nance is observed in all radiance bins from the brightest areas of 
the prominence core. 
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Fig. 2. Raster scan in Ly-a and Sim of the 
prominence observed on June 15. The line ra- 
diance is given in counts/px/s. The raster also 
covers a small disk section near the south- 
east limb. Solid and dotted contours repre- 
sent top 40% and top 15 %, respectively. The 
Ly-a contours have been transferred to the 
Sim raster. We show the average profiles of 
Ly-a of six distinguished locations (again in 
instrumental units): 

(1) disk, 

(2) limb and near disk, 

(3) sub-prominence void, 

(4) inner prominence boundary, 

(5) prominence core, 

(6) outer prominence boundary. 
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Fig. 3. Idem for the observation on June 9. The 
raster was completed just outside the southwest 
limb. We show the average profiles of Ly-a of 
six distinguished locations: 

(1) inner prominence core 

(2) prominence interconnection 

(3) sub-prominence void 

(4) prominence interconnection 



x (1/8 arcsec) x (1/8 arcsec) (5) outer prominence core 

(6) outer prominence boundary. 



The central reversals of the Ly-a profiles in both promi- 
nences differ, the profiles obtained on Jun 15 were more reversed 
than those from Jun 9. This may be related to the different orien- 
tation of the prominence axes as derived from EIT 304 (cf., Figs. 
2 and 3) and Kanzelhohe H-a images. On Jun 15, the threads 
were rather perpendicular to the line-of- sight, while more edge- 
on (LOS parallel to the field lines) on Jun 9. Such an explanation 
wou ld be consistent wi th the model calculations and predictions 
of iHeinzel et al.l (120051) . Observational evidence for such a sce- 
nario based on spect ra of the higher Lyman lines, Ly2 to Ly7, 
has been reported by Schmi eder et al.l (120071) . 



4. Radiance histograms 

We already noted the low contrast of the prominences in Ly-a. 
In Fig.[6| we show radiance histograms of the prominence core 
and of the on-disk locations in Fig. [2 For comparison we add as 
dotted line the log-normal radiance di stribution of Ly-o r in the 
quiet Sun as presented in earlier work (ICurdt et al., 2008)). Note 



that the disk histogram, having a different bin size, was scaled for 
better comparison. Although the small number of prominence 
pixels only allows a noisy distribution, the differences are, as 
expected, very obvious. The histogram is per definition clipped 
at the dim side because of the area selection criterion. The main 
difference is certainly found in the high-radiance part; the promi- 
nence histogram completely lacks brighter pixels, which makes 
it a very narrow distribution. The uniform emergent emission 
translates, according to the Barbier-Eddington relation, to a uni- 
form source function at an optical depth, r, of unity and is in- 
dicative of homogeneous populations of the Is and 2p levels, 
and thus rather homogeneous thermodynamic conditions. 

In Fig. [7] we show the radiance distribution of the prominence 
in Fig.[3]in Ly-a and in Sim emission. This data set has more 
prominence pixels and allows to also include fainter pixels here. 
We defined an empirically determined discrimination level to 
separate prominence emission from coronal background and de- 
fined the lower- 15 % radiance category as coronal background, 
which does not belong to the prominence. The Ly-a histogram 
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Fig. 4. We have sorted the pixels within the top 40% con- 
tours (solid in Fig. [2]) by their radiance and show the profiles of 
Ly-a of six equally spaced radiance bins. The northern region 
represents disk and limb (top), the southern region the promi- 
nence core (bottom). 
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Fig. 5. Idem for the inner (top) and outer (bottom) region in 
Fig.S 



has a sharp upper limit and, in contrast to the disk histogram, a 
low-radiance wing. The Sim histogram of this prominence dif- 
fers significantly, as one could expect, from both the quiet Sun 
state (dotted line) and from its Ly-a counter part. 

We conclude, that the radiance distributions of both promi- 
nences are, as a consequence of dissimilar physical conditions, 
remarkably different fr om the log-normal distribution of the av- 
erage quiet Sun dFontenla et all Il988b [Curdt et al.Ll2008h . 



5. Summary and conclusion 

We have presented the first SUMER observations of promi- 
nences in the light of the hydrogen Ly-a line at 1216 A with 
reduced incoming photon flux to avoid saturation effects of the 
SUMER detection system. We have completed a statistical anal- 
ysis and report salient empirical results derived thereof. As such, 
we found clear evidence in support of models, which predict an 
effect of the orientation of the magnetic field relative to the line 
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Fig. 6. Radiance distribution of the limb location (1+2) in Fig.[2] 
(left) and of the prominence core (right). The low contrast 
of the prominence location translates into a narrow distribu- 
tion, which differs s ignific antly from the log-normal distribution, 
which ICurdt et all (|2008) found in the quiet Sun at disk center 
(dotted curve). 
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Fig. 7. Idem for the prominence in Fig.[3j The coronal back- 
ground of pixels in the lower- 15 % radiance category has been 
excluded. 



of sight on the asymmetry of the Ly-a profile. The Lyman lines 
are more reversed if the line of sight is across the prominence 
axis as compared to the case when it is aligned along its axis. 
Given the great variability in the appearance of prominences and 
the wide range of physical parameters, the observation of two 
prominences is by far not enough to cover all the issues. We felt, 
however, that our results constitute a piece of information im- 
portant enough to be presented here. More joint observations of 
prominences and modeling of their Ly-a line profile are highly 
desirable. 
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